Introduction
The storage age of red blood cells (RBCs) transfused often exceeds 5 days. Under storage, RBCs undergo alterations that affect their function, viability, and quality, and which are termed storage lesions [1] . The clinical relevance of these changes is controversial, with no consensus regarding a cut-off for fresh or old RBCs. An increase in infection rates and morbidity following transfusion of old blood has been described [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . Other groups did not find a correlation between the storage time of transfused RBCs and patient outcome [12] [13] [14] [15] [16] . A possible explanation for these discrepancies may lie in the heterogeneity of the study designs and patient groups, the use of different outcome parameters, and the various cut-offs of RBC age (5-27 days). Many of these studies were retrospective [3, 8, 10, 16] , lacking a stringent differentiation between groups that had exclusively received 'new' or 'old' blood during observation. Thus, conclusions have been largely based on the transfusion of RBCs with mixed ages. Only 2 studies have reported on the exclusive transfusion of patients with either 'new' or 'old' RBCs, with controversy surrounding the results [5, 9] .
Transfusion of RBCs is common in pediatric open-heart surgery patients via cardiopulmonary bypass (CPB) due to
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Statistical Analysis
The effects of storage time on the transfusion requirements, i.e. volume of RBCs per kilogram body weight and incidence of fresh frozen plasma (FFP) administration, were analyzed by multivariate backward stepwise linear regression and by multiple logistic regression, respectively. The effects on post-operative morbidity, represented by length of mechanical ventilation and length of ICU stay, were analyzed by the Cox regression proportional hazards model. The effect on the degree of postoperative inflammatory response as assessed by peak CRP concentration was analyzed by multivariate backward stepwise linear regression. Covariates included in the multivariate models were body weight, previous sternotomies, and the risk adjustment in congenital heart surgery (RACHS) score, as well as the transfused volume of RBCs. The RACHS score is a consensus-based risk score estimating the risk of in-hospital mortality according to the severity of the congenital heart defect and the complexity of surgery [23] . Its validity has been confirmed to predict postoperative mortality and morbidity for a large European patient population [24] . Assignment to groups of patients receiving fresh versus stored RBCs was performed using sliding time cut-offs between 3 days and 11 days to identify the optimal cut-off (according to correlation coefficient, odds ratio (OR), or hazard ratio (HR), as appropriate, and P values) for each outcome parameter.
Data on the patient characteristics of groups of patients differentiated according to RBC storage time were compared by rank sum test or 2 tests as appropriate.
Results
In this study, 139 pediatric patients were included. The median age of the patients was 14 days (ranging from 2 days to 4.1 years), with a median body weight of 5.4 kg (ranging from 2.2 to 16.2 kg). The most frequent primary diagnoses are listed in table 1. However, many patients presented with a combination of defects. 23 (17%) patients had previous sternotomies.
the imbalance between the patients' blood volume and the priming volumes of the CPB circuits. 2 recent studies reported on the profound influence of the RBC storage time on postoperative morbidity by using either a cut-off of 5 days for fresh RBCs [17] or by applying the storage time as a continuous variable in patients receiving 4 red cell units or a volume exceeding 150 ml/kg [18] . The authors of the latter study recommended the use of the freshest available RBC in such pediatric patients, preferably not older than 14 days. This has been the policy in our institution for several years, although the supply of fresh RBCs is not invariably possible. In addition, a dedicated group of surgeons, anesthetists, and perfusionists apply a comprehensive blood-sparing approach to avoid or minimize the need for transfusion [19] [20] [21] [22] . Here, we present results on pediatric patients who underwent open heart surgery and received RBCs from a single unit with a storage time ranging from 0 to 14 days. Multivariate analyses were performed to assess the association of RBC storage time with clinical outcome, namely the prospectively selected parameters: transfusion requirements, post-operative morbidity (lengths of ventilation and intensive care unit (ICU) stay), and post-operative peak C-reactive protein (CRP) concentration as an inflammatory parameter.
Material and Methods
Between February 2009 and January 2012, 147 pediatric patients underwent cardiac surgery via CPB and received RBCs from a single unit. First, the storage times of the RBC unit were analyzed. Since in most cases the unit was between 0 and 14 days old, 8 patients who had received RBCs that had been stored for 15-32 days were excluded to avoid a potentially stronger impact of a few very old RBCs on the outcome parameters. Informed written parental consent for the surgical, anesthesiological, and monitoring procedures was obtained. The retrospective data analysis was approved by the Institutional Review Board.
CPB circuits were adjusted to the patients' body weights, with the goal of minimizing the priming volumes, which were 95, 110, and 200 ml for patients with body weights of 3, 3-5, and 5-16 kg, respectively [19] [20] [21] . The priming solution was enriched with RBCs only when the expected hemoglobin concentration was less than 7.0 g/dl. Tranexamic acid was used in all patients for anti-fibrinolysis at a concentration of 10 mg/kg/h. Moderate hypothermia was induced, except in 5 cases requiring deep hypothermic circulatory arrest where the temperature was decreased to ap- Only primary diagnoses are listed. The majority of the patients presented with combined congenital cardiac defects. tion, a larger number of patients in the latter group required FFP (73% vs. 35%; p 0.001). The rate of patients receiving platelet concentrates was quite low and was therefore not included as covariable in the multivariate analyses. The postoperative peak CRP concentrations were similar between groups, as were the lengths of ventilation and ICU stay. Multiple multivariate analyses with sliding cut-offs provided the best prediction of transfusion requirements of RBCs and FFP for cut-offs of 2 and 4 days, respectively (table 3) , and these were applied in the multivariate analyses reported below and in table 4. Because the difference between the cut-offs of 2 and 3 days was very small (p = 0.00013 vs. p = 0.00014, with only 2 patients receiving RBCs stored for 3 days), the group stratification presented in table 2 RBCs that were stored for up to 3 days (median storage time, 1 day) were received by 26 patients and 113 patients received RBCs with a storage time of 3 days (median storage time, 9 days). The patients receiving the RBCs stored for 3 days were older (median age of 145 vs. 108 days; p = 0.01) and heavier (median body weight of 5.5 vs. 4.4 kg; p = 0.03) ( For each outcome parameter, the results for the optimal cut-off with best separation between fresh and old RBCs as given in table 3 are listed. In addition to the significance levels P, regression coefficients for linear regression, ORs with confidence intervals (CI) for use of FFP calculated by logistic regression and HRs with CI for delayed extubation or delayed release from the ICU calculated by Cox regression are listed. offs from table 3 Redlin/Habazettl/Schoenfeld/Kukucka/ Boettcher/Kuppe/Salama and the peak CRP concentration were affected by RBCs stored for more than 6 days. Since the transfusions were given from 1 single RBC unit, yet in most cases transfused in increments, the independence between age and amount of transfused RBCs may be challenged. Also, the mean difference in the transfused volumes of RBCs of only 6 ml/kg may be of little clinical relevance. However, previous studies [14, 16] and the differences in FFP transfusion support the notion that the age of RBCs is associated with the overall transfusion requirement. Potential bias by transfusion of RBCs with mixed ages was avoided by including patients who had only received RBCs from a single unit, as part of a comprehensive blood-sparing approach [21] , thus requiring only a small volume of RBCs. Our findings are supported by the comprehensive review by van de Watering [1] who identified several pitfalls in the design of observational studies concerning the effect of RBC storage time on clinical outcome. One of these concerns was the heterogeneous amount of RBC units in the different groups. This problem could not be resolved, even by adjusting the data for the number of transfused RBC units, as patients receiving additional RBC units have a greater chance of receiving either a very fresh or an old unit. In comparison to other studies, we avoided the problem of stratification of RBC units with different storage times for either the mean age or the oldest/freshest unit [1] .
The selection of risk factors as potential confounders influencing the outcome parameters is largely based on our recent analyses of pediatric patients treated with the same comprehensive blood-sparing approach [22] . The major general limitation of retrospective studies that only retrospectively available covariates can be included in the analyses also applies to this study [25] .
In contrast to previous studies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] 18] , the age of the transfused RBC units in the present study was invariably 14 days. Due to the institutional policy of using the freshest available blood units for pediatric patients, the individual storage times depended only on availability. Because previous studies do not provide cut-offs for the differentiation between fresh and old RBC units for such a cohort of patients, analyses were performed with multiple cut-offs for each outcome parameter and optimal cut-offs were defined retrospectively. However, these cut-offs may not be applicable to other patient cohorts with greater RBC storage time variability. Surprisingly, even within this cohort of patients receiving RBCs that had been considered fresh in most of these previous studies, the storage time still has a profound effect on the transfusion requirements and the post-operative morbidity.
The effect of the storage time on the transfusion requirements following cardiac surgery in adults has been described previously [14] , although the storage time was not observed to have an independent effect on the mortality or the length of the ICU stay when adjusting for the number of transfusions. Similarly, in another study based on early outcomes following is according to the cut-off of 3 days, which is closer to the best cut-off for the FFP requirement of 4 days.
Low body weight (p 0.001) and RBCs older than 3 days (p = 0.001), but not previous sternotomies or the RACHS score, were independently associated with the transfused volume of RBCs (table 4) . The odds for administration of FFP as analyzed by multiple logistic regression increased with the transfusion of older RBCs (p = 0.001 for RBCs 4 days old vs. 5-14 days old). In contrast, body weight and previous sternotomies had no effect on the FFP transfusion requirements while the RACHS score and the volume of transfused RBCs tended to be associated with the incidence of FFP transfusion (p = 0.06; table 4).
The optimal cut-offs for parameters of post-operative morbidity were at markedly longer storage times of 6 days, or 8 days for length of ventilation, post-operative peak of CRP concentration, and length of ICU (table 3) In conclusion, a short RBC storage time may have a profound independent effect on both transfusion requirements and early post-operative morbidity. In consideration of all aspects related to the production and management of allogeneic RBCs, further randomized controlled trials of no transfusion versus transfusion of fresh or old RBCs are required prior to drawing any final conclusions.
